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This review gives a short overview of the routes employed by microorganisms in food fermentations to find 23 ultimate electron acceptors allowing them to balance their fermentative metabolism. 24
The diversity of acceptors used leads to diversity of metabolic end products and this contributes to the 25 diversity in flavor, color, texture, and shelf life. The review concludes that these reactions are still only 26 incompletely understood and that they represent an interesting area for fundamental research and also 27 represent a fertile field for product development through a more conscious use of the redox properties of 28 strains used to compose food cultures. 29
Introduction 31
Fermented foods have during centuries been produced without any knowledge of microbiology and even today 32 our knowledge of the beneficial microorganisms is still quite limited. More than 200 species of microorganisms 33 have a documented history of use in food fermentations [1] and a handful of those are produced and made 34 available as commercial starter cultures [2] . Fermented food spans a large range of products with the major 35 categories being: alcoholic beverages (beer and wine); fermented doughs; vinegar; fermented dairy products 36 (cheese, yoghurt, and fermented milks); fermented soy (miso, tempeh, natto, and soy sauce); fermented fish; 37 fermented meat; fermented coffee; and fermented cocoa [1] . Sensu stricto fermentation was defined as life 38 without air as opposed to respiration. However, the above list of microorganisms in fermented foods is based 39 on a less strict definition and include some aerobic microbial processes like production of vinegar and surface 40 ripening of cheese and sausages. Nevertheless, the majority of food fermentations are performed with no 41 supply of air. 42
It might seem surprising that imposing a limitation on the microbial metabolism by withholding air should lead 43 to an increased diversity of flavors and textures produced by the cultures. In comparison to a respiratory 44 metabolism which mainly produce CO 2 and water as end products, the anaerobic metabolisms give a wide 45 range of end products as ethanol, acetoin, diacetyl, acetaldehyde, lactic acid, acetic acid, and other acids in 46 addition to water and CO 2 [3] . 47
Redox reactions are chemical reactions involving the transfer of electrons between molecules where the donor 48 molecule is said to be oxidized and the recipient reduced. Although the two reactions must be simultaneous, 49 they can, in a galvanic cell, be separated to occur at different electrodes. For each reaction, the standard 50 potential E 0 (measured in volts, V) defines the condition where electrons are gained or lost at equal rates. The 51 oxidation/reduction potential (ORP, E h ) of an aqueous system can be measured using a redox electrode [4] . The 52
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Lactic acid bacteria (LAB) play a prominent role in food fermentations with respect to volume, diversity of raw 55 materials, and diversity of species. Traditionally the primary performance parameter for starter cultures for the 56 food industry has been the acidification activity. The second parameter has been robustness towards phage 57 infections, which is another manifestation of reliability of acidification [2] . Texture and taste have been of 58 lower priority and for this reason less attention has been given to E h compared to pH. 59
This review focus on redox reactions in LAB and the conclusion will be that innovation in food fermentations 60 can be dramatically stimulated with increased knowledge on redox reactions when composing the starter 61 cultures for food fermentation. 62
63

Fermentation 64
The fermentative metabolism is most easily understood by separating energy production from maintenance of 65 redox homeostasis. Off course in reality, this is not possible. 66 ATP is typically generated from metabolizing carbohydrates into pyruvate by oxidation. Different pathways to 67 pyruvate can be used depending on the organism and the sugar. Glycolysis by the Embden-Meyerhof-Parnas 68 pathway is a main route but the so-called hetero-fermentative pathways involving phosphoketolase enzymes in 69 key metabolic steps are also quite common [3] . The net gain of ATP differs between the pathways and the ATP 70 yield depends on the uptake mechanism and the length of the carbohydrate. Gänsle has recently reviewed the 71 main carbohydrate metabolisms of LAB [5] . The oxidation of carbohydrates to pyruvate consumes NAD in 72 addition to the production of ATP, and this redox-debt must be paid back. An additional reward in the form of 73 gaining extra ATP by shifting from ethanol to acetate production is available for the hetero-fermentative LAB if 74 they can mobilize extra NAD generating capacity [6] [7] [8] . 75
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Pyruvate is the primary electron acceptor for LAB. This is in fact what unifies the group of lactic acid bacteria, 81 they produce lactic acid as the major end product. Pyruvate is reduced to lactate by the enzyme lactate 82 dehydrogenase (LDH) with concomitant oxidation of NADH to NAD [3] . Homo-fermentative LAB relay mainly on 83 pyruvate and LDH for NAD regeneration [9] . NAD regeneration solely by LDH leaves very little flexibility in the 84 metabolic network and LAB will therefore benefit by having alternative routes to NAD regeneration and even 85 homo-fermentative LAB will usually possess alternative routes to regenerate NAD [10] . 86
Oxygen, O 2 , offers, if present, such an alternative to regenerate NAD by oxidizing NADH via the NADH oxidases, 87
NoxE or NoxAB [11] [12] [13] . Some LAB even have a rudimentary electron transport chain including cytochromes 88 [11, [14] [15] [16] . Traditionally most LAB have been considered to be anaerobic and much research has been devoted 89 to study the relationship between LAB and oxygen from the angle of oxidative stress [12, [17] [18] [19] . It was quite a 90 surprise when Duwatt et al in 2001 showed that Lactococcus is able to respire if hemin is supplied in the 91 medium [15] . It now seems clear that the LAB ancestors were aerobes and that the ability to respire has since 92 been lost to various degrees as a consequence of genome reduction in the course of specialization to the 93 nutrient rich ecological niches where LAB are commonly found [20] [21] [22] . In the light of this ancestry it is not 94 surprising that LAB are able to use oxygen when available and that they possess the functions allowing them to 95 deal with aerobic stress. It might therefore be fruitful to look at the redox reactions from the angle of 96 regeneration of NAD rather than aerobic stress management. In a nutrient rich environment, speed might be 97 more important than economy and oxygen might anyhow be the first "nutrient" to be depleted. By losing theM a n u s c r i p t ability to use the entire chain of oxidative phosphorylation, LAB will use oxygen less efficiently and consume 99 more oxygen and thereby deplete oxygen faster. Rapid consumption of oxygen by LAB might confer an 100 advantage over aerobic bacteria, with which they are commonly in competition in food matrices. By 101 reorienting the metabolic pathways towards the use of additional electron acceptors, LAB might have become 102 better adapted to efficiently remove air and to live well without it. The diversity of the routes developed by 103 LAB to use alternative electron acceptors are illustrated in Figure 1 and several of the electron acceptors used 104 by some LAB are listed in Table 1 and described further in the following sections. However, an increased focus 105 on the positive aspects of oxygen in NAD regeneration should not lead to a neglect of the negative aspects of 106 reactive oxygen species. 107
108
Alternative electron acceptors 109
One way to gain more flexibility is to acquire pyruvate with no "NAD-debt" and this is the main benefit of 110 utilizing citrate. Several LAB are metabolizing citrate without generating ATP from the citrate to pyruvate 111 pathway [23] . However, as no NAD has been consumed, the pyruvate from citrate can be used with greater 112 flexibility than pyruvate from sugar metabolism. It can be reduced to lactate with concomitant NAD 113 production, or the pyruvate can be directed towards other products than lactate including ATP-generating 114 routes [23] . 115 Sugars can be used as electron acceptors by several fermentative LAB leading to the production of sugar 116 alcohols as mannitol and erythritol [24] [25] [26] . Similarly, fumarate and malate can serve as electron acceptors and 117 be reduced to succinate [27] . 118
Phenolics, which are frequently found in fruits, are generally antimicrobial but some LAB use phenolics as 119 electron acceptors; their growth are stimulated by phenolics and the ratio of fermentation end products is 120 altered [28, 29] . Similarly, LAB able to use other molecules for NAD regeneration can probably be isolated from 121
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Inside or outside 125
The location of the electron acceptor molecule would seem of minor importance as long as NAD is 126 regenerated. However, it is energetically favorable to keep the negatively charged electrons inside the cell and 127 the positively charged protons outside of the cell membrane [31] . If the electron acceptor is uncharged and 128 able to diffuse through the membrane, reducing on the inside is likely to be more favorable. Oxygen, O 2 , can be 129 reduced on the outside of the cell to O 2 -by direct reduction via menaquinones or reduced on the inside by 130
NoxE or NoxAB and cytochrome bc [32, 33] . The cytochrome reaction is the most efficient as charge is 131 separated by releasing protons on the outside while reducing O 2 on the inside [20] . Fructose is another 132 example of a molecule, which can be imported for the purpose of being reduced to mannitol and then again 133 exported [27] . 134
The bacterial membrane serves as the barrier over which a pH and charge difference builds an electrochemical 135 gradient able to drive transport and ATP production. In addition to carrying the energy potential, the 136 membrane also serves as a reservoir and buffer for redox-equivalents [34] . 137 138
Redox reactions on the membrane and cell wall 139
Menaquinones and menaquinols serve as carriers of reducing equivalents between oxidoreductases located in 140 the membrane [34] . They constitute an important component in the electron transport chain in oxidative 141 phosphorylation; other components of the respiratory process are cytochrome-bd and NoxAB [16, 22, [35] [36] [37] [38] . 142
Due to the link to the respiratory pathway, research has focused on understanding the role of menaquinones in 143 oxygen metabolism and relief of oxidative stress. The role of menaquinones in the anaerobic metabolism has 144
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A c c e p t e d M a n u s c r i p t been somewhat out of focus although it has been recognized that lactococci produce menaquinones in 145 anaerobic growth [39] and that the production is twofold higher during anaerobic conditions compared to 146 aerobic growth [16] . The experiments of Tachon, Brandsma, and Yvon [11] demonstrated that during 147 fermentation in milk rapid removal of oxygen by Lactococcus lactis is mainly accomplished by the NoxE enzyme 148 whereas menaquinones and NoxAB are responsible for maintaining the low redox potential during the 149 stationary (anaerobic) phase. The same authors also demonstrated that in Lactococcus menaquinones are 150 participating in redox reactions on either face of the bacterial membrane and that NoxAB can use other 151 electron acceptors than menaquinones [11] . This seems to indicate that lactococci mainly utilize menaquinones 152
and NoxAB when air is absent or scarce. 153
Menaquinones might be a vehicle to use extracellular electron acceptors as direct reduction of tetrazolium 154 salts and metal ions have been demonstrated [11, 32] . Using an extracellular electron acceptor would appear to 155 be less favorable than using an intracellular one as export of an electron will reduce the electrochemical 156 gradient over the membrane. One would therefore expect that this option should be reserved for molecules 157 which cannot be imported or which are unfavorable to import. It is unclear if this route contributes to NAD 158 regeneration under fermentation of milk. If it does, the terminal electron acceptors in milk remain to be 159 determined. Lab species commonly used in dairy fermentations differ widely in their ability to lower the redox 160 potential during fermentation [40] . Also strains within the same species show large difference [11, 41] . 161
The thiol group of cysteine containing peptides and proteins can, similar to the menaquinones, serve as carriers 162 of electrons between different oxidoreductases. In the oxidized form, two cysteines are bridged covalently via 163 the sulfur atoms; whereas the sulfur atoms will be free thiol groups in the reduced form. The two cysteines can 164 be in the same polypeptide chain as in thioredoxin, or located on different molecules, or, as in glutathione, 165 between two identical molecules. Thioredoxin and glutathione participate in a variety of redox reactions 166 involving the formation and breakage of disulfide bridges [42] . The sulfur redox reactions are coupled to the 
